











































































































































































	Fire	 protection	 engineering	 has	 developed	 as	 a	 technical	 engineering	 discipline	 geared	towards	 identifying	 and	mitigating	potential	hazards	 in	 building	 designs,	 primarily	with	respect	to	life	safety	during	a	fire	emergency.	Today	there	are	a	variety	of	building	and	life	safety	codes	enforced	by	local	building	and	fire	authorities	in	countries	around	the	world	[1][2][3].	 These	 codes	 have	 been	 developed	 based	 on	 fire	 engineering	 principles,	 and	outline	building	design	aspects	that	are	acceptable	from	a	life	safety	perspective.		
	Requirements	 within	 building	 codes	 evolve	 over	 time.	 Amendments	 to	 existing	requirements,	or	new	requirements	altogether,	are	generally	introduced	either	in	response	to	real	 fire	disasters,	or	 to	perceived	risks	associated	with	new	architecture	and	building	trends	 [4].	 Modern	 codes	 in	 particular	 strive	 to	 be	 proactive	 rather	 than	 reactive.	 As	building	types	change,	new	risks	can	be	identified	and	mitigated	with	the	introduction	and	enforcement	of	new	requirements	[5].	
	
A	 good	 example	 of	 the	 evolving	 nature	 of	 building	 codes	would	 be	 the	 introduction	 of	specific	 high	 building	 requirements	 within	 the	 second	 half	 of	 the	 20th	 century	 as	 the	construction	of	these	became	more	prevalent	across	North	America	[6].	In	the	case	of	high	buildings,	new	risks	were	noted	to	be	associated	with	increased	travel	times	for	occupants	to	evacuate	the	building,	and	the	inability	of	firefighters	to	combat	fires	on	upper	levels	or	rescue	occupants	trapped	on	upper	 levels	from	the	exterior	of	the	building	with	standard	equipment.	 	New	 code	 requirements	 to	mitigate	 these	 risks	 included	 provisions	 for	 fire	fighters	 to	 combat	 a	 fire	 from	 within	 the	 building,	 and	 smoke	 controlling	 measures	 to	ensure	exit	routes	remain	tenable	for	the	entire	duration	of	an	evacuation	[7].		
	Until	 recently,	 code	 requirements	 have	 generally	 been	 prescriptive;	 they	 provided	mandatory	design	specifications	to	ensure	an	adequate	level	of	life	safety	was	provided.	An	example	of	a	prescriptive	requirement	would	be:	all	exit	stairs	must	be	a	minimum	of	1100	
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mm	in	width.	However,	as	modern	technology	drives	building	complexities	to	entirely	new	levels,	 these	 types	 of	 prescriptive	 building	 codes	 can	 limit	 architectural	 creativity	 in	designs.	Thus,	in	the	last	few	decades,	performance-based	approaches	to	fire	safety	within	buildings	have	been	increasingly	recognized	as	alternatives	to	traditional	prescriptive	code	requirements	[8].	Instead	of	the	stair-width	prescriptive	requirement	example	given	above,	
a	 performance-based	approach	 for	determining	 stair	width	would	be	 to	ensure	 that	 the	stairs	 could	 allow	 all	 occupants	 to	 exit	 the	 building	 within	 a	 specific	 amount	 of	 time.	Depending	on	the	size,	configuration,	and	use	of	the	building,	1100	mm	may,	or	may	not,	be	an	appropriate	width	to	allow	for	a	fast	evacuation.		
	Performance-based	 design	 allows	 for	 creativity	 within	 a	 building’s	 fire	 strategy	 (which	includes	 placement	 of	 escape	 routes,	 fire	 detection	 and	 alarm	 systems,	 fire	 suppression	systems,	smoke	management	systems,	and	so	on).	Naturally,	performance-based	codes	also	allow	 for	more	 architectural	 freedom	when	 it	 comes	 to	 building	 designs,	 provided	 that	suitable	provisions	for	life	safety	can	be	sufficiently	demonstrated.		
	While	 performance-based	 designs	 can	 provide	 more	 diversity	 in	 modern	 buildings,	engineering	analyses	are	often	required	to	demonstrate	that	a	design	does	indeed	meet	the	required	performance	criteria.		
	


















Calculating	 the	ASET	 for	 a	particular	 fire	 scenario	 requires	 a	 detailed	 analysis	of	 smoke	movement	and	fire	behavior	within	the	building	over	time.	Consideration	must	be	made	for	the	building	geometry,	construction	material,	and	combustible	 loading	(i.e.	the	amount	of	combustible	 material,	 such	 as	 furniture,	 present	 in	 a	 space).	 	 This	 type	 of	 analysis	 is	routinely	performed	by	engineers	who	are	able	to	use	fire	dynamics	theory	and	burn	test	results	to	calculate	the	approximate	time	from	the	start	of	a	fire	until	untenable	conditions	within	 a	 particular	 area	 of	 the	 building	 (such	 as	 an	 exit	 stair)	 may	 be	 reached.	[11][12][13][14][15].	
	Determining	 a	value	 for	 the	RSET	 requires	 the	calculation	of	 the	values	 for	 Δtdet	and	 Δta	(time	 for	 detection	 and	 time	 before	 alarm	 sounds	 within	 the	 building)	 as	 well	 as	 the	evacuation	time,	which	is	considered	to	begin	upon	activation	of	the	fire	alarm.		The	values	for	Δtdet	and	Δta	can	be	determined	as	part	of	the	ASET	calculation	[9][11].	The	calculation	of	 the	evacuation	 time,	Δtevac,	requires	 a	 separate	analysis,	which	 is	 the	primary	 focus	of	this	effort.		
	
1.2.1	Phases	of	Evacuation	Time	
	The	evacuation	time,	Δtevac,	for	a	building	is	often	considered	to	have	two	separate	phases:	pre-movement	 time	 (Δtpre),	 and	 travel	 time	 (Δttrav).	 Travel	 time	 is	 often	 alternatively	referred	to	as	movement	time	(Δtmov)	[10][16][17][18].	
	In	an	evacuation	scenario,	the	pre-movement	phase	 is	considered	to	be	the	time	between	when	 an	occupant	 is	 first	notified	of	 an	 emergency	 (often	when	 the	occupant	 hears	 the	building	 fire	 alarm),	 and	 when	 that	 occupant	 begins	 to	 proceed	 towards	 an	 exit.	 This	includes	 both	 recognition	 time	 (the	 time	 for	 an	occupant	 to	 register	 that	 there	 is	 a	 real	emergency	in	the	building,	not	just	a	false	alarm	or	alarm	system	test),	and	response	time	(the	time	from	the	recognition	of	an	emergency	until	the	occupant	begins	to	evacuate).	Pre-movement	time	could	include,	for	example:	time	to	discuss	the	situation	with	colleagues	or	neighbors,	finish	the	task	at	hand,	locate	companions,	gather	belongings,	or	put	on	a	jacket	[9][10][16][18].	
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	The	 second	 component	 of	 evacuation	 time,	 the	 movement	 phase,	 follows	 the	 pre-movement	phase,	and	 is	 the	 length	of	 time	 for	an	occupant	to	exit	 the	building	once	 they	begin	the	process	of	evacuating	[9][10][16][17][18].	
	Therefore,	 the	 sum	 of	 any	 individual’s	 pre-movement	 time	 and	 movement	 time	 is	 the	evacuation	time	for	the	individual.		However,	calculating	the	evacuation	time	for	a	group	of	individuals,	 especially	 large	 groups	 of	 people	 throughout	 a	 room,	 floor,	 or	 building	 is	inherently	more	complicated,	as	each	 individual	will	have	 a	different	pre-movement	and	movement	time	[16].	
	
1.2.2	Calculating	Movement	Time	
	The	movement	time	for	a	group	of	people	can	be	calculated	through	the	process	of	egress	modeling.	 A	 broad	 range	 of	 egress	 modeling	 tools	 and	 techniques	 exist,	 with	 varying	benefits	 and	 drawbacks	 [19][5].	 These	 can	 range	 from	 simplified	 hand	 calculations	 to	sophisticated	computer	models	[17].	
	Steven	M.	V.	Gwynne	and	Eric	R.	Rosenbaum	published	their	method	of	egress	modeling	in	the	 4th	 edition	 of	 the	 Society	of	 Fire	 Protection	Engineers’	Handbook	 (SFPE	Handbook)	[11].	 	 This	 method,	 known	 as	 the	 hydraulic	 model,	 is	 widely	 referenced	 and	 used	 in	industry	 today	 [8]	 and	 has	 adapted	 fundamental	 traffic	 flow	 equations	 to	 describe	pedestrian	movements	through	an	exit	route	similar	to	a	fluid	flow	[11].		















	The	specific	 flow	 in	an	evacuation	route	 is	measured	as	 the	number	of	people	 to	pass	an	arbitrary	point	(a	doorway,	for	example)	within	a	given	span	of	time,	for	a	given	amount	of	width	available.	The	 specific	 flow	 is	dependent	on	 the	 speed	of	pedestrians,	 s,	as	defined	above	in	equation	(1),	and	is	also	separately	dependent	on	density:	the	denser	the	stream	of	occupants,	the	more	people	will	flow	past	a	point	within	the	given	period	of	time	for	a	
Escape Route Element k (m/s)
Horizontal Surface (Corridor, Aisle, Ramp, Doorway) 1.4
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particular	 amount	 of	 width.	 The	 hydraulic	 model	 defines	 the	 specific	 flow	 rate	 as	 per	equations	(2)	and	(3)	below:	
	
௦݂ = ݏ݀	 	 	 (2)	
	




	 	As	equation	(3)	is	quadratic	in	d,	there	is	an	optimal	density	to	maximize	the	specific	flow.	Figure	1.2.2.	shows	specific	 flow	as	 a	 function	of	density,	for	k	values	corresponding	to	 a	variety	of	walking	surfaces		(ramps,	stairs,	etc.).		








௙݂ = ௦݂ݓ௘ 	 	 	 (4)	
	








As	people	evacuate	a	building,	density	can	fluctuate.	This	in	turn	can	affect	the	flow	rates	throughout	 the	 exit	 route.	Thus,	 an	 accurate	egress	model	needs	 to	account	 for	varying	densities	and	flow	rates	throughout	the	course	of	an	evacuation.	
	
1.2.3	Calculating	Pre-Movement	Time	
	The	 other	 portion	 of	 the	 evacuation	 time	 comes	 from	 the	 pre-movement	 phase.	 Pre-movement	 time,	 which	 describes	 the	 behavior	 of	 the	 occupants	 in	 a	 building,	 has	historically	 been	 very	 difficult	 to	 estimate	 accurately,	 as	 small	 factors	 can	 influence	 the	behavior	of	individuals	in	evacuation	scenarios	[5]	[16][17]	[20].	
	Things	 that	 are	 often	 taken	 into	 consideration	 include	 whether	 the	 occupants	 may	 be	asleep	(such	as	in	an	apartment	building),	how	familiar	occupants	are	with	a	building,	and	the	types	of	occupants	in	the	building	[9][18].		
	Though	some	of	the	above	aspects	may	be	estimated	for	a	particular	evacuation	event,	the	pre-movement	time	of	a	group	is	best	modeled	not	with	a	single	value,	but	with	a	range	of	values	to	reflect	the	natural	variation	within	a	group	of	individuals	[16][17].	
	Despite	this,	pre-movement	time	is	often	simplified	during	an	evacuation	analysis	[10][17].	Often,	the	evacuation	time	is	estimated	by	simply	adding	a	mean	pre-movement	time	to	the	value	calculated	for	movement	time	with	simultaneous	start	(i.e.	without	considering	pre-movement).		
	Consider	an	example	where	a	fire	alarm	sounds	within	an	office	building.	The	assumption	of	 a	simultaneous	start	would	model	all	employees	 in	 the	building	 standing	up	 in	unison	and	walking	towards	their	nearest	exit	immediately.	This	is	unrealistic.	In	a	real	evacuation	different	 people	would	 begin	 exiting	 at	different	 times,	 depending	on	 their	 own	 unique	mindset	 and	 some	of	 the	 factors	mentioned	 above.	By	 ignoring	pre-movement	 time	and	calculating	movement	time	with	a	simultaneous	start	assumption,	it	is	easy	to	neglect	the	effects	that	pre-movement	can	have	on	the	movement	phase.		
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	Pre-movement	can	effect	queuing	and	density	along	an	evacuation	route,	by	staggering	the	arrival	time	of	individuals	at	an	exit	route.	If	all	occupants	of	a	building	begin	exiting	at	the	same	time	(simultaneous	start),	then	the	density	throughout	the	exit	route	is	likely	to	spike	very	quickly.	However,	if	there	 is	a	lot	of	variation	between	the	start	times	of	 individuals,	then	 the	 density	within	 an	 exit	 route	may	 not	 increase	 as	quickly	or	 as	 drastically.	The	density	may	even	fluctuate	depending	on	how	people	stagger	their	arrivals.		
	As	 shown	 in	 equations	 (1)	 through	 (5)	 above,	 flow	 rates	 are	 dependent	 on	 density.	Therefore,	 fluctuating	 densities	 driven	 by	 the	 pre-movement	 phase	 can	 affect	 the	 flow	rates,	 and	 consequently,	 the	 movement	 time.	 However,	 the	 relationship	 between	 the	movement	and	pre-movement	phase	can	be	more	complicated.	If	there	are	large	numbers	of	people	evacuating,	queues	will	begin	to	form	along	the	exit	route,	particularly	at	“pinch	points”,	such	as	narrow	doorways.		
	If	the	queue	at	a	pinch	point	is	sufficiently	large,	then	staggered	additional	arrivals	will	not	impact	 the	 flow	 rate	 at	 that	particular	 location.	Additional	 arrivals	will	 not	 increase	 the	density,	they	will	simply	join	the	already	densely	packed	group	of	people	in	queue.	






	After	examining	this	problem,	 it	 is	clear	that	 there	 is	a	complicated	relationship	between	pre-movement	and	movement	phases,	and	that	the	analysis	of	these	two	aspects	separately	ignores	the	effects	that	one	phase	may	have	on	the	other.		
	While	 including	 a	 realistic	range	of	pre-movement	 times	 into	 an	egress	model	would	be	most	accurate,	this	 is	often	not	feasible	without	sophisticated	egress	modeling	software	–	which	can	be	both	expensive	to	obtain	and	time-consuming	to	use.		
	Therefore,	 calculating	 movement	 time	 assuming	 simultaneous	 start	 and	 then	 adding	 an	average	value	of	pre-movement	time	to	generate	an	evacuation	 time	 is	still	performed	 in	industry	 today.	However,	 this	 type	of	analysis	 ignores	 the	complex	relationship	between	movement	and	pre-movement.		
	The	 focus	 of	 this	work	 has	 been	 to	 examine	 the	 effects	 pre-movement	 can	 have	 on	 the	overall	 evacuation	 time	 of	 a	 building	 by	 comparing	 evacuation	 scenarios	 that	 include	various	pre-movement	ranges	to	those	that	assume	a	simultaneous	start.	In	particular,	this	work	 focuses	 on	 evacuations	of	 high	 buildings,	 where	queuing	within	 stairwells	 can	 be	significant	and	the	effects	of	pre-movement	may	be	most	evident.		




	In	order	to	calculate	the	effects	of	pre-movement	(considered	to	be	a	range	rather	than	a	single	value),	comparison	must	be	made	between	evacuations	with	varying	pre-movement	times	 to	 those	with	 a	 simultaneous	 start.	 	This	 can	 be	 achieved	 by	 comparing	 multiple	evacuation	trials	with	differing	pre-movement	assumptions.		




	The	 focus	 of	 this	 work	 is	 to	 examine	 the	 effects	 of	 pre-movement	 in	 high	 buildings.	Therefore,	the	simulation	algorithm	has	been	designed	to	consider	these	types	of	buildings	exclusively.		
	Current	Canadian	building	codes	require	that	each	floor	of	a	high	building	be	served	by	at	least	two	exit	stairs	[1].		These	are	often	arranged	within	building	cores,	which	are	typically	comprised	 of	 elevator,	 stair,	 and	 service	 shafts	 located	 in	 a	 cluster	 running	 vertically	through	the	height	of	the	building.		





	As	part	of	 this	review,	building	evacuations	were	modeled	based	on	 the	 time	 to	clear	 the	limiting	exit	route.	However,	each	evacuation	could	represent	multiple	building	scenarios,	depending	on	what	percentage	of	occupants	are	assumed	to	be	using	the	limiting	exit	route.			
	For	example,	if	100	people	per	floor	are	considered	to	use	the	limiting	exit	route,	this	could	represent	50%	of	occupants	 in	 a	building	having	200	occupants	per	 floor	served	by	 two	stairs.	Alternatively,	it	could	represent	60%	of	occupants	in	a	building	with	166	people	per	floor	and	 two	 stairs.	Or,	 it	could	 represent	an	even	distribution	 in	 a	building	having	300	people	per	floor	served	by	three	stairs.	In	any	case,	the	number	of	people	using	the	limiting	exit	route	will	affect	the	evacuation	time	of	the	building.	The	percentage	of	occupants	using	the	limiting	exit	route	or	any	other	exit	is	irrelevant.		
























	Figure	 2.3.2	 shows	 a	 similar	 section,	 but	 at	 exit	 discharge	 level,	 which	 includes	 the	additional	segment	E	to	symbolize	the	exterior	of	the	building.	







	To	define	 the	matrices,	a	maximum	 time	and	a	 time	 interval	must	 first	be	determined.	 It	was	 desired	 to	 keep	 time	 steps	 as	 small	 as	 possible	 in	 order	 to	 simulate	 continuous	movement	through	the	modeled	evacuations.	The	time	step	of	of	1/100th	of	a	second	(1	cs)	was	 chosen	 as	 this	 was	 the	 smallest	 time	 step	 which	 the	 algorithm	 could	 reasonably	accommodate.	 This	 time	 step	 generally	 resulted	 in	 simulation	 run-times	 of	 between	 2	seconds	and	40	minutes,	as	described	 in	more	detail	 in	Section	4.1.	Using	 a	smaller	 time	step	 would	 have	 increased	 the	 model	 run	 time	 drastically,	 which	 would	 have	 made	 it	impractical	to	simulate	some	of	the	larger	buildings	which	were	included	in	this	work.	
	Matrices	were	created	to	include	calculations	for	times	of	up	to	200	minutes,	or	1,200,000	cs.	The	maximum	value	of	 time	steps	within	 the	algorithm	 is	defined	as	Tn	(for	example,	
Tn=1,200,000).		
	The	first	sets	of	matrices	have	size	f	x	Tn,	where	f	is	the	number	of	floors	in	the	building	and	




ܺܿ݋ݑ݊ݐ = ൦ܺܿ݋ݑ݊ݐ(1,0) ܺܿ݋ݑ݊ݐ(1,1) … ܺܿ݋ݑ݊ݐ(1, ௡ܶ)ܺܿ݋ݑ݊ݐ(2,0) ܺܿ݋ݑ݊ݐ(2,1) … ܺܿ݋ݑ݊ݐ(2, ௡ܶ)… … … …
ܺܿ݋ݑ݊ݐ(݂, 0) ܺܿ݋ݑ݊ݐ(݂, 1) … ܺܿ݋ݑ݊ݐ(݂, ௡ܶ)൪	
	The	value	in	the	ith	row	and	tth	column	of	the	matrix	Xcount	is	denoted	Xcount(i,t),	and	it	is	assigned	 a	value	which	 represents	 the	 number	 of	people	 in	 segment	 Xi	 at	 time	 t.	As	an	example,	 the	value	of	Xcount(2,100)	would	 indicate	 the	 number	 of	people	 in	 segment	 X	








ܻܳ = ൦ܻܳ(1,0) ܻܳ(1,1) … ܻܳ(1, ௡ܶ)ܻܳ(2,0) ܻܳ(2,1) … ܻܳ(2, ௡ܶ)… … … …





streams	can	be	designated	as	QLi.	The	algorithm	has	defined	QLi	as	the	queue	to	the	landing	which	originates	 from	within	 the	 stair	 (i.e.	 from	 Segment	 Sbi+1).	The	queue	 to	 a	 landing	from	the	floor	area	has	been	designated	QCi	to	distinguish	it	from	QLi.	
	As	an	example,	 the	value	QL(2,100)	would	be	 the	number	of	people	queued	 to	enter	 the	landing	at	Level	2	at	time	step	100,	from	the	bottom	flight	of	steps	of	the	third	floor	(Sb3).	The	value	QC(2,100)	would	be	the	number	of	people	queued	to	enter	the	same	 landing	at	Level	2	at	time	step	100,	but	from	the	corridor	at	Level	2	(C2).		





	It	 is	noted	that	the	above	count	and	Q	matrices	track	values	for	the	entire	time	 interval	of	the	simulated	evacuation	(i.e.	with	entries	from	1	to	Tn).	 	This	was	done	primarily	so	that	the	algorithm	could	influence	the	values	of	the	matrices	for	future	time	steps.	For	example,	based	on	the	walking	speed	of	an	occupant	and	distance	they	had	to	travel,	the	algorithm	
19	
	
could	 predict	 the	 future	 time	 step	when	 they	 would	 enter	 their	 queue,	 and	 account	 for	them	arriving	in	the	future.		


































DX	 DL,	DSt,	DI,	DSb,	DC	 1×	f	 DX(i)	 Notes	the	density	within	segment	Xi,	and	is	updated	each	time	movement	occurs	on	that	segment	












ܰ = ݂ × ݈		 	 (7)	
	At	the	start	of	a	simulation,	the	algorithm	creates	two	random	 f	x	 l	matrices,	D	and	S.	The	value	di,j,	the	entry	of	D	in	the	ith	row	and	jth	column,	corresponds	to	the	starting	position	for	the	jth	occupant	on	floor	i.	Its	value	represents	the	walking	distance,	in	meters,	between	the	occupant	and	the	nearest	exit	stair	door.		








ݓ௜,௝ = ݀௜,௝ݏ௜,௝ 	
	
W	 represents	 the	walking	 time	 for	each	 individual	 to	 reach	 their	nearest	exit.	 	The	 final	matrix	A	of	arrival	times	at	the	exit	stair	door	is	taken	as	the	sum	of	an	individual’s	walking	time,	plus	pre-movement	time,	with	entries	ai,j	calculated	as	follows:	
ܽ௜,௝ = ݓ௜,௝ + ݌௜,௝ 	
	Once	A	has	been	calculated,	the	algorithm	then	creates	a	second	matrix,	called	AD,	of	size	f	x	
Tn,	to	denote	the	time	of	arrival	at	the	door	for	all	occupants	on	a	particular	floor.	The	entry	in	the	ith	row	and	tth	column	of	AD	is	denoted	AD(i,t),	and	it	has	a	value	corresponding	to	the		number	of	occupants	who	arrive	at	the	stair	door	on	level	i	at	time	t.			
	The	matrix	 AD	 is	 initially	 populated	 with	 all	 zeros.	Using	 iterative	 loops,	 the	 algorithm	checks	every	entry	within	matrix	A.	For	each	value	A(i,j),	which	represents	the	arrival	time	at	the	door	for	the	 jth	occupant	on	floor	 i,	the	algorithm	adds	1	to	the	value	of	AD(i,A(i,j)).		Once	 the	algorithm	has	 looped	 through	all	values	of	A,	 the	matrix	AD	 is	 fully	populated.	Entries	of	AD(i,t)	show	the	number	of	occupants	to	arrive	at	the	stair	door	on	level	i	at	time	
t.	
	It	 is	 necessary	 that	 the	 sum	 of	 entries	 in	 any	 row	 i	 of	 AD	 will	 be	 the	 total	 number	 of	occupants	on	 floor	 i,	as	each	occupant’s	arrival	 time	 is	noted	exactly	once,	 in	 the	column	corresponding	to	 the	arrival	time	step.	 	Therefore,	when	using	small	 time	steps	to	model	large	amounts	of	time,	many	entries	with	the	matrix	AD	will	remain	zero.		









	Next,	the	algorithm	adds	any	newly	arrived	occupants	to	the	count	of	occupants	in	queue	in	the	corridor.	This	number	 is	both	 the	number	of	people	within	 the	corridor,	and	also	 the	number	of	people	 in	queue	 to	enter	 the	stair.	Thus,	Ccount(i,t)	and	QC(i,t)	 take	 the	 same	value:	
	
QC(i,t)	=	Ccount(i,t)	=	Ccount(i,t)	+	AD(i,t)	 	 (9)	
	Then,	 the	 algorithm	 checks	 each	 segment	 to	 see	 if	movement	can	occur	 from	 any	 given	origin	 segment	 Xi	 to	 the	next	 consecutive	destination	 segment	 Yj	 (where	 i=j	 in	 all	 cases	except	where	Xi	=	Sbi	and	Yj	=	Li-1),	it	checks	the	following	conditions:		
	 (1) Is	 there	 someone	 in	queue	 ready	 to	move	 from	 segment	Xi	 to	 segment	 Yj?	 (i.e.	 Is	






	Once	 the	 algorithm	 finishes	 checking	 though	 all	 segments	 for	 possible	 movements,	 it	proceeds	to	model	these	movements	in	random	order.	It	randomizes	the	list	created	during	the	checking	phase,	and	models	the	movements	one	at	a	time	in	this	random	order.		









The	algorithm	proceeds	 to	model	movements	 in	 the	 randomized	order.	However,	before	movement	occurs,	an	additional	condition	is	checked:	
	 (3	 or	 4)	 Is	 there	 room	 on	 the	 destination	 segment	 for	 one	 more	 person?	 (i.e.	 is	
DY(j)+(1/areaY)≤Dmax,	 where	 Dmax	 is	 the	 predefined	maximum	 density	 in	 which	people	will	voluntarily	stand?)	
	Provided	 this	 last	condition	 is	met,	movement	 is	modeled	by	 the	algorithm,	as	described	below.		
	
2.3.4	Modelling	Movement	













ܸ = ቐ ܸ݉ܽݔ(ܻ)݇ − 0.266 × ݇ × ܦܻ(݆)
ܸ݉݅݊(ܻ) ݂݅ ܦܻ(݆) ≤ ܦ݂݉݅݊݅ ܦ݉݅݊ < ܦܻ(݆) < ܦ݉ܽݔ݂݅ ܦܻ(݆) ≥ ܦ݉ܽݔ 	
	



















	Here,	 it	 is	 noted	 that	 space	 beyond	 the	 exit	 door	 (i.e.	 the	 outdoors)	 is	 assumed	 to	 be	unrestricted,	and	the	velocity	through	the	exit	door	is	assumed	to	be	unimpeded,	Vmax(E).	The	wait	time	through	the	exit	door,	Ewait,	is	noted	to	be	a	function	of	the	walking	speed,	
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the	density	of	 the	crowd	at	 the	bottom	of	the	stairs,	DL(1),	and	 the	effective	width	of	 the	final	exit	door,	WeE.		
	Lastly,	as	part	of	the	movement	calculations,	the	algorithm	determines	when	the	occupant	will	 reach	 the	 end	 of	 the	destination	 segment	 Yj,	 and	 reach	 the	queue	 to	enter	 the	next	segment,	Zk	(where	k	=	j,	except	in	the	case	where	Yj	=	Sbj	and	Zk	=		
Lj-1).		
	This	 is	 done	by	 first	determining	 the	 new	 density	 of	 the	 destination,	 DY(j)	as	 described	previously,	using	the	updated	Ycount(j,t)	value	and	the	predefined	area	of	the	segment	Yj.		















Once	 these	 three	aspects	of	movement	have	been	performed	by	 the	algorithm	(updating	the	count	of	people	 in	 the	origin	and	destination	segments,	calculating	the	delay	 time	 for	future	 movements,	 and	 determining	 when	 the	 occupant	 will	 reach	 the	 end	 of	 the	destination	segment)	the	simulation	of	movement	is	complete,	and	the	algorithm	moves	on	to	model	the	next	movement	in	the	predetermined	randomized	order.		












	Sample	buildings	 have	been	designed	 to	 comply	with	 current	National	Building	Code	of	Canada	 (NBC)	 guidelines	 [1],	with	 regard	 to	 stair,	 landing,	 and	 door	 dimensions.	These	aspects	are	kept	constant	for	all	buildings	reviewed,	though	aspects	such	as	the	number	of	floors	(f)	and	the	occupant	loading	per	floor	using	the	exit	route	(l)	will	vary	depending	on	the	 simulation.	 These	 parameters	 can	 be	 entered	 by	 the	 user	 independently	 for	 each	simulation,	while	the	exit	route	dimensions	remain	fixed.	
	
3.1	Geometry	of	Floor	Area	and	Exit	Route	











	The	physical	 layout	of	 the	 floor	 areas	 (i.e.	 the	areas	beyond	 the	 exit	 stairs	which	would	normally	be	occupied)	was	not	written	into	the	algorithm	with	the	same	level	of	detail.	For	
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horizontal	walking,	 the	equations	of	 the	hydraulic	model	are	based	on	distance	 traveled,	without	considering	direction	or	path.	Therefore,	the	travel	distance	for	occupants	to	reach	an	exit	is	the	relevant	piece	of	information,	and	the	physical	layout	of	the	path	within	floor	is	irrelevant	to	the	calculations.		
	Consequently,	 rather	 than	 requiring	elaborate	 floor	area	plans,	 the	algorithm	can	 simply	generate	travel	distances	for	the	occupants	situated	on	a	particular	floor.	Travel	distances	to	reach	the	exit	stair	were	randomly	generated,	based	on	uniform	distribution,	with	values	from	 5	 to	 45m.	 This	 is	 in	 compliance	 with	 NBC	 travel	 distance	 requirements	 for	 tall,	sprinklered	buildings.		
	As	the	 floor	area	 layout	was	not	modeled,	no	parameters	have	been	 included	to	describe	the	 layout	 of	 the	 corridor	 leading	 directly	 to	 the	 exit	 stair	 door.	The	 model	 assumes	 a	corridor	is	present	in	nomenclature	only	(i.e.	with	use	of	the	label	“C”	to	describe	the	area	immediately	 beyond	 the	 exit	 stair	 door)	 the	 shape	 of	 this	 area	 is	 irrelevant	 to	 the	calculations.	Whether	there	is	a	narrow	corridor	leading	to	the	exit	stair	or	not,	the	shape	of	the	queue	is	unimportant.	The	only	aspect	of	 the	queue	relevant	 to	 the	algorithm	 is	 its	density.		





	Once	the	building	core	geometry	was	defined,	simulations	of	preliminary	case	studies	were	conducted	 to	 review	 how	 various	 building	 sizes	 and	 occupant	 loads	 behaved	 during	simulated	evacuations.		










	Each	combination	of	 l	 and	 f	values	 is	considered	 a	 single	case.	 A	 total	of	10	 simulations	were	performed	for	each	case.			

















20 13194 27986.60 167.29 0.0126794
70 43271.6 8849.44 94.07 0.0021740
120 73490.3 2122.01 46.07 0.0006268
10
20 25291.6 28454.04 168.68 0.0066695
70 85656.5 3055.05 55.27 0.0006453
120 146110.6 5726.24 75.67 0.0005179
20
20 49517.1 37212.89 192.91 0.0038958
70 170313.8 4439.96 66.63 0.0003912
120 291301.8 1100.76 33.18 0.0001139
30
20 73788.7 24159.01 155.43 0.0021064
70 255008.6 7943.04 89.12 0.0003495
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	The	amount	of	queuing	in	an	exit	route	depends	on	the	total	number	of	people	using	an	exit	route.	This	will	increase	if	either	the	number	of	floors	is	increased	or	the	number	of	people	per	 floor	 using	 an	 exit	 route	 is	 increased.	 The	 results	 of	 these	 preliminary	 simulations	indicate	 that	 increased	queuing	within	the	stairs	minimizes	 the	effect	of	minor	variations	such	as	walking	speed,	starting	position,	and	order	of	movements	occurring	within	the	exit	stair.		
	
3.2.2	Model	Verification	
	The	SFPE	hydraulic	model	is	generally	used	to	calculate	exit	times	assuming	simultaneous	start	 (i.e.	no	pre-movement)	 and	constant	 density	 at	optimal	values	of	 1.9	p/m2.	As	 the	equations	 of	 the	 simulation	 algorithm	 are	 based	 on	 the	 SFPE	 hydraulic	 model,	 and	 the	density	values	are	capped	at	the	same	optimal	value	of	1.9	p/m2	the	algorithm	should	agree	with	the	SFPE	hydraulic	model	when	there	is	no	pre-movement.		
	In	order	to	verify	that	the	algorithm	 is	performing	as	 it	should,	an	analysis	of	a	20	storey	building	having	70	people	per	floor	has	been	calculated	below	using	the	hydraulic	model.		
	The	same	starting	locations	have	been	assumed	as	were	used	in	the	simulation	algorithm;	specifically,	occupants	are	located	between	5	m	and	45	m	from	the	exit	door	at	the	start	of	evacuation.	Stair	geometry	below	is	also	the	same	as	used	by	the	algorithm.	




	With	a	walking	speed	of	1.25	m/s,	the	leader	will	walk	unimpeded	for	5	m	to	reach	the	exit	stair	door	on	 the	 first	 floor.	Travel	time	for	this	occupant	 to	reach	 the	exit	stair	(ttrav1)	 is	calculated	as	follows:	
	
ݐ௧௥௔௩ଵ = 5݉1.25݉/ݏ	
	 = 4 ݏ	
	Upon	reaching	 the	exit	stair	door,	 the	occupant	must	spend	3.7	seconds	 to	open	 the	exit	door,	tdoor.	
ݐௗ௢௢௥ = 3.7 ݏ݁ܿ݋݊݀ݏ	
	Based	on	 the	 stair	geometry	of	Figure	3.1.2	 for	 the	 first	 floor,	 the	 leading	occupant	must	then	travel	3.315	m	to	reach	the	final	exit	door.	
	
ݐ௧௥௔௩ଶ = 3.315݉1.25݉/ݏ 	
	 = 2.65 ݏ݁ܿ݋݊݀ݏ 	









௙݂ = (1 − ܽ݀)݇݀ݓ௘ 	                                       = ൫1 − 0.266(1.9)൯(1.4)(1.9)(0.930 − 0.150 − 0.150)	= 0.8296݌/ݏ 	










	Once	the	exit	door	is	opened,	occupants	will	begin	to	flow	out	of	the	building.	The	flow	rate	out	 will	 be	 limited	 by	 the	 exit	 door	 to	 0.8296p/s,	 as	 the	 final	 exit	 door	 has	 the	 same	effective	width	as	the	door	into	the	stair.		
	In	consideration	that	there	 is	 a	 large	number	of	people	yet	to	exit,	after	 t=14.05,	 the	flow	rate	out	the	exit	door	is	equal	to	the	flow	rate	arriving	at	the	exit	door	(since	the	door	width	of	 the	 final	 exit	 is	 identical	 to	 the	 exit	 stair	door,	and	 the	density	 is	assumed	 to	 remain	constant	 at	1.9	 p/m2).	Therefore,	 the	queue	 size	 stays	 the	 same	 for	 a	period	of	 time,	 as	occupants	exit	and	arrive	at	the	same	rate.	
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௙݂ = (1 − ܽ݀)݇݀ݓ௘ 	                                    = ൫1 − 0.266(1.9)൯(1.08)(1.9)(1.1 − 0.150 − 0.150)	= 0.812݌/ݏ 	









Based	on	 these	assumptions,	we	assume	 4	occupants	 from	 the	 first	 floor	(3.07	 in	queue,	rounded	to	4	in	consideration	that	the	person	7%	partially	in	queue	will	be	slightly	ahead	of	occupants	from	above)	will	exit	before	alternating	exiting	will	begin.		
	The	time	required	for	four	occupants	to	exit	is	4.82	seconds	(4	people	at	0.8296	p/s).		
	Therefore,	 after	24.90	 seconds	 (i.e.	 20.08	plus	4.82	 seconds),	 9	occupants	 from	 the	 first	floor	would	have	exited	the	building.	An	additional	61	first	floor	occupants	and	1330	upper	level	occupants	would	 still	be	 in	 the	building.	At	 this	point,	 it	 is	assumed	 that	 these	 two	groups	will	alternate	exiting.		
	The	next	122	people	(i.e.	61	from	upper	levels	and	the	 last	61	from	the	ground	floor)	will	evacuate	within	147.06	 seconds,	based	on	 the	 exit	 flow	 rate	of	0.8296p/s.	Therefore,	at	t=171.96	there	will	be	a	total	of	131	people	out	of	the	building,	including	all	of	the	first	floor	occupants.	






	In	comparison,	 the	 simulation	 results	produced	by	 the	algorithm	 for	 the	evacuation	of	 a	building	 of	 the	 same	 size	 and	 loading	 averaged	 1703.13	 seconds	 over	 10	 trials,	 with	 a	standard	deviation	of	0.66	seconds,	and	a	95%	confidence	 interval	of	(1702.72,	1703.55).	This	 value	 (1703.13s)	 agrees	 well	 with	 the	 manually	 calculated	 result	 described	 above	(1701.61s),	 indicating	 that	 the	 algorithm	 performs	 calculations	 of	 the	 SFPE	 hydraulic	model	accurately.	The	model’s	slightly	 larger	evacuation	 time	may	be	 the	result	of	minor	gaps	within	the	modeled	evacuating	occupants,	which	would	result	 in	a	 less-than-optimal	density	and	slower	 flow	rates.	However,	with	 large	numbers	of	people	(i.e.	70	people	per	floor	over	20	floors),	instances	of	gaps	within	the	evacuation	would	be	infrequent.	Thus,	it	is	 reasonable	 that	 the	 difference	between	 the	model	 results	 and	 the	 results	of	 the	hand	calculations	are	small,	but	positive.		
	
3.3	Primary	Case	Studies	
	Based	on	the	results	in	section	3.2.1,	it	was	noted	that	for	small	buildings	and	for	buildings	with	small	occupant	 loads,	the	algorithm	produced	results	which	varied	relatively	widely.		Therefore,	 the	 primary	 case	 studies	were	 chosen	with	 loading	 and	 floor	 numbers	 large	enough	 to	ensure	 the	 results	with	zero	pre-movement	would	produce	consistent	results.	Parameters	for	the	primary	case	studies	were	chosen	as	follows:	
· l=80,	90,	100,	110,	120,	140	
· f=20,	21,	22,	23,	24,	25,	26,	27,	28,	29,	30	





	The	 effects	 of	 two	 different	 distributions	 for	 pre-movement	 time	 were	 selected	 for	examination:	 the	 uniform	 distribution,	 and	 the	 gamma	 distribution.	 Throughout	 this	document,	uniformly	distributed	pre-movement	time	may	be	abbreviated	UPM,	and	gamma	distributed	pre-movement	time	may	be	abbreviated	GPM.		Modelled	scenarios	without	pre-movement	time	will	be	abbreviated	0PM.	
	
3.4.1	Uniformly	Distributed	Pre-Movement	(UPM)	
	The	uniform	distribution	was	chosen	as	this	represented	a	simple	distribution	which	may	yield	 mathematically	 interesting	 results.	 If	 pre-movement	 time	was	 shown	 to	 affect	 the	evacuation	time	of	a	building,	it	was	reasonable	to	assume	that	different	sets	of	uniformly	distributed	pre-movement	times	may	best	show	a	pattern	of	effects.		
	In	addition,	the	uniform	distribution	could	be	considered	to	represent	evacuation	scenarios	where	occupants	are	 isolated	 from	one	another,	and	are	 therefore	not	 influenced	by	 the	behaviour	of	others.	Crowd	behaviour	during	an	 evacuation	 tends	 to	 result	 in	 groups	of	people	 leaving	 at	 the	 same	 time.	 A	 uniformly	 distributed	 pre-movement	 time	 could	therefore	represent	a	case	with	zero	crowd	influence.		






































	In	addition	 to	uniformly	distributed	pre-movement	 times,	 it	was	desired	 to	examine	 the	effects	 of	 a	 distribution	 for	 pre-movement	 time	 which	 might	 better	 reflect	 actual	 pre-movement	times	observed	in	building	evacuations.			











	Pre-movement	 time	 describes	 human	 behaviour	 during	 an	 emergency,	 and	 is	 therefore	difficult	 to	describe	with	complete	accuracy	 [16]	 [5][20][17].	The	 sample	pre-movement	times	 shown	 in	Figures	3.4.3	 and	3.4.4	 indicate	 a	general	 trend	of	 a	proportionally	high	number	 of	 individuals	 evacuating	 relatively	 early	 during	 an	 emergency,	 with	 a	proportionally	lower	number	of	individuals	evacuating	 later.	The	gamma	distribution	was	chosen	as	a	pre-movement	time	distribution	for	this	effort	as	it	produces	this	same	type	of	general	shape	and	trend;	representing	a	large	number	of	people	with	relatively	small	pre-movement	times,	and	a	small	number	of	“stragglers”	with	longer	pre-movement	times.		
	The	probability	density	 function	 for	 the	gamma	distribution	with	shape	parameter	a	and	scale	parameter	b	is	defined	as:	
݂(ݔ,ܽ, ܾ) = ଵ
୻(௔)௕ ቀ௫௕ቁ௔ିଵ ݁ିೣ್				 	 (10)	
	where	the	gamma	function,	Γ(a),	is:	
	








	This	 distribution	 was	 used	 to	 generate	 pre-movement	 times	 for	 occupants	 within	 the	evacuation	 algorithm.	 Similar	 to	 the	uniform	distribution	 described	 in	 Section	3.4.1,	 ten	separate	intervals	were	selected	for	the	gamma	distribution,	with	each	interval	defined	as	[0,p]	 with	 pre-movement	 time	 cap	 p	 taking	 values	 of	 6,000cs	 (1	 minute),	 12,000cs	 (2	minutes),	…	 54,000cs	 (9	minutes)	 and	60,000cs(10	minutes).	For	 any	 given	p	 value,	 the	algorithm	randomly	generated	a	value	x	between	0	and	10	based	on	the	distribution	curve	shown	above.	 (The	distribution	was	 truncated	at	x=10,	so	 if	values	greater	 than	10	were	selected	by	the	computer	these	were	rounded	down	to	10.)		This	value	was	then	scaled	up	to	represent	the	corresponding	pre-movement	value	in	cs	for	the	given	interval	[0,p].	 	The	pre-movement	time	pi,j	for	an	individual	was	computed	as:	
݌௜,௝ = ௫ଵ଴ ݌	 	 (12)	














	In	all,	a	total	of	77	primary	cases	were	chosen	for	review	(parameter	values	l=80,	90,…,	140	and	 f=20,	 21,…,	 30).	 For	 each	 of	 these	 cases,	 a	 set	 of	 10	 simulations	 were	 performed	without	 pre-movement	 time	 to	 establish	 the	 0PM	 “base	 values”,	 denoted	 as	 t0	 when	describing	a	particular	case.	These	values	were	used	as	the	basis	of	comparison	for	all	UPM	and	GPM	simulations	of	the	same	building	cases.		
	As	 noted	 in	 Section	 3.4	 above,	 for	 both	 of	 the	 pre-movement	 time	 distributions,	 ten	separate	distribution	intervals	were	examined:	[0,p]	for	p=6000,	12000,…,	54,000,	60,000.	For	each	of	these	distribution	intervals,	4	separate	simulations	were	performed.		
	In	order	to	evaluate	results	for	the	UPM	and	GPM	simulations	as	unitless	values,	the	effects	of	pre-movement	(i.e.	the	difference	between	evacuation	times	for	cases	with	and	without	pre-movement)	were	expressed	 relative	 to	 the	0PM	base	values.	Results	 for	 a	particular	simulation	with	pre-movement	cap	p,	tp,	have	been	expressed	as	a	relative	difference	to	the	base	case,	in	the	form:	
Δݐ
ݐ଴













































































































































































































important	 result,	 and	 this	 trend	 was	 noted	 for	 all	 cases	 reviewed	 (full	 results	 are	appended).	
	When	 the	value	of	 l	 increases	and	 f	is	held	constant,	 the	density	 throughout	 the	building	would	 increase	 in	 general	 (as	 this	 represents	 more	 people	 occupying	 the	 same	 size	building).	As	 density	 within	 the	 evacuation	 route	 has	 a	 finite	 cap	 during	 evacuation,	 it	follows	 that	 increasing	 l	would	 increase	 the	 likelihood	 that	 the	peak	density	 is	 reached,	which	increases	likelihood	of	queuing.	As	queues	have	the	tendency	to	“absorb”	the	effects	of	 pre-movement	 time,	 as	 discussed	 in	 Section	 1.2.3,	 it	 makes	 sense	 that	 there	 is	 a	diminished	effect	of	pre-movement	time	when	l	increases	for	a	fixed	f.		




A	linear	regression	analysis	was	performed	for	the	results	of	the	UPM	primary	cases,	to	see	if	 the	effect	of	pre-movement	 time	could	be	reasonably	expressed	by	a	 linear	equation	of	the	form:	
୼௧
௧బ
= ݑଵ݈ + ݑଶ݂ + ݑଷ ௣௧బ	 	 (13)	
	for	some	parameters	u1,	u2,	and	u3.	










































































































































































































































= ݑଵ݈ + ݑଶ݈
ଵ



































































































































































































































































	The	results	of	section	4.1.2	show	that	the	expression	(14)	describes	the	effect	of	pre-movement	 time	 as	 a	 relationship	 between	 loading,	 number	 of	 floors,	 and	 pre-movement	 time	with	 relatively	good	accuracy,	with	R2	values	 in	Figures	4.1.12	 to	4.1.16	ranging	between	0.817	and	0.912.		
	In	order	 to	 determine	 if	 this	 relationship	 exists	beyond	 the	primary	case	 studies	used	for	the	basis	of	the	regression	analysis,	additional	simulations	were	performed	with	l	and	f	parameter	values	outside	of	those	used	for	the	primary	case	studies.	The	regression	equation	(14)	was	then	applied	to	the	parameter	values	of	the	extended	case	studies,	to	determine	if	it	could	be	extended	with	reasonable	accuracy.		
	Low	Loading	
	












p,	it	is	obvious	that	occupants	with	pre-movement	time	p	will	cause	relatively	large	delays	 in	 the	evacuation.	For	example,	 for	 the	 case	 shown	 in	Figure	4.1.23	where	































	Results	 were	 shown	 to	 be	 very	 good	 for	 these	 cases,	 with	 equation	 (14)	approximating	 the	 simulation	 results	 well,	 aside	 from	 cases	 of	 particularly	 short	
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	The	 equation	 (14)	 was	 also	 extended	 to	 a	 group	 of	 cases	 representing	 taller	buildings	than	the	primary	case	studies.	For	these	extended	cases,	simulations	were	performed	for	parameter	values	as	follows:	
· l=20,	60,100,	140	
· f=40,	50,	60	




	An	evacuation	of	a	very	small	building	(5	floors,	with	20	people	per	floor)	could	be	simulated	within	 2	seconds.	However	 large	 buildings	 (such	 as	 the	case	proposed	above,	with	60	floors	and	140	people	per	floor)	required	approximately	41	minutes	for	a	single	simulation.	
	The	algorithm	was	written	so	that	a	range	of	parameter	values	could	be	simulated	with	a	single	prompt,	allowing	the	user	to	execute	a	large	number	of	simulations	for	
a	defined	range	of	l,	f,	and	p	values,	with	multiple	simulations	for	each	set	of	values.	Running	sets	of	simulations	to	generate	all	of	the	data	used	for	each	of	the	extended	case	 studies	 (low	occupancy,	 short	buildings,	 and	 tall	 buildings)	 required	 several	days	of	running	time.	



































































































































































































































































































































































































































































































































































































































	As	 was	 described	 for	 the	 UPM	 results,	 the	 values	 of	 t0	 for	 the	 short	 buildings	modeled	 (and	 particularly	 for	 short	 buildings	 with	 low	 occupant	 loads)	 were	significantly	smaller	than	results	for	the	primary	case	studies.	Thus,	as	was	the	case	
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for	the	UPM	data,	pre-movement	caps	for	this	set	of	simulations	were	reduced		to	be	3000	 cs	 (0.5	minute),	 6000	cs,	 (1	minute),	9000	 cs	 (1.5	minutes),	 …	 30,000cs	 (5	minutes)	to	avoid	obvious	impacts	of	large	pre-movement.		
	


















	The	 equation	 (16)	 was	 also	 extended	 to	 a	 group	 of	 extended	 case	 studies	representing	taller	building	than	the	primary	case	studies,	as	was	done	for	the	UPM	cases.	For	these	extended	cases,	simulations	were	performed	for	parameter	values	as	follows:	
· l=20,	60,100,	140	
· f=40,	50,	60	
	As	was	noted	in	Section	4.1.3,	due	to	the	extended	running	time	of	the	simulation	for	buildings	of	this	size,	fewer	evacuations	of	these	tall	building	cases	were	simulated,	with	 only	 five	 sample	 pre-movement	 time	 intervals,	 for	 p	 =	 6000cs	 (1	 minute),	18,000cs	(3	minutes),	30,000cs	(5	minutes),	42,000cs	(7	minutes)	and	54,000cs	(9	minutes).		





















	The	 regression	 analyses	 noted	 in	 Section	 4,	 and	 in	 particular	 the	 high	 order	regression	analysis	of	4.1.2	and	4.2.2	indicated	that	there	is	a	relationship	between	the	relative	effects	of	pre-movement	and	the	values	of	l,	f,	and	p.	Simulation	results	for	 both	 UPM	 and	 GPM	 cases	 indicated	 that	 for	 fixed	 f	 values,	 the	 effect	 of	 pre-movement	decreased	 for	 increasing	values	of	 l,	whereas	 for	cases	with	 fixed	 l,	 the	effects	of	pre-movement	remain	relatively	constant	 for	 increasing	values	of	 f.	This	trend	was	shown	in	the	high	order	regression	equations	(14)	and	(16).		
	These	equations	were	able	not	only	to	provide	a	good	fit	for	the	data	of	the	primary	cases	(R2	values	ranging	between	0.817	and	0.912	for	UPM	example	results	shown,	and	between	0.846	and	0.890	 for	GPM	example	 results	shown),	but	could	also	be	extended	 to	other	building	cases	(low	 loading,	 short	buildings,	 and	 tall	buildings)	and	predict	the	results	with	reasonable	accuracy.		
	The	results	of	this	analysis	indicate	that	it	is	possible	to	estimate	the	relative	effect	of	pre-movement	time	for	a	high	building	evacuation	when	the	 loading,	number	of	floors,	and	estimated	pre-movement	 range	are	known.	As	 shown	by	 the	extended	case	studies,	 for	 loading	and	building	size	conditions	beyond	 the	case	 studies,	 the	expressions	(14)	and	(16)	can	still	yield	a	fairly	high	degree	of	accuracy.		
	The	primary	results	of	this	analysis	 indicate	that,	while	pre-movement	time	has	an	effect	that	can	be	measured	and	predicted	by	expressions	(14)	or	(16),	the	effects	of	the	pre-movement	are	often	very	small.		
	For	UPM	results,	primary	case	studies	for	pre-movement	ranges	up	to	10	minutes	indicated	 that	effects	of	pre-movement	were	only	as	much	as	 a	2%	 impact	on	 the	total	 evacuation	 time.	 For	 some	 of	 the	 extended	 case	 studies	 (particularly	 short	buildings	and	 low	 loading),	effects	of	UPM	pre-movement	approached	as	much	as	7%.	 However,	 the	 UPM	 distribution	 was	 selected	 more	 for	 its	 potential	 to	 yield	
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mathematically	 interesting	 results	 than	 for	 its	 reflection	 of	 realistic	 conditions	during	 an	 emergency.	Therefore,	while	 it	 revealed	 a	more	pronounced	 pattern	of	decreasing	 impact	of	pre-movement	with	 increasing	 loading	or	 increasing	number	of	floors,	GPM	results	provide	a	better	reflection	of	real	conditions	which	could	be	used	in	engineering	analyses.		
	For	 GPM	 results,	 generally	 smaller	 effects	 were	 noted	 than	 for	 the	 UPM	 cases.	Primary	 case	 studies	 consistently	 indicated	 that	 impacts	 of	 pre-movement	 time,	even	for	the	largest	distributions	with	p	=	10	minutes,	the	impact	was	less	than	2%	at	most,	and	often	less	than	1%.	Even	in	extended	case	studies,	impacts	of	less	than	5%	were	noted	for	all	cases.		
	This	 information	 could	be	useful	 in	 the	 field	of	 engineering,	where	 safety	 factors	much	 greater	 than	 1%,	 2%	 or	 5%	 are	 often	 applied.	 Depending	 on	 building	characteristics	and	the	factor	of	safety	selected	for	an	analysis,	pre-movement	time	may	 be	 entirely	 negligible.	 Rather	 than	 proceed	 with	 complicated	 calculations	involving	changing	flow	rates	and	densities,	or	relying	on	often	time-consuming	and	expensive	 software	 programs	 to	 accurately	 account	 for	 pre-movement	 time,	 the	regression	expression	(16)	developed	for	this	thesis	can	estimate	the	effects	of	pre-movement	 relatively	well.	For	 specific	 engineering	 analyses	where	comparatively	large	 factors	 of	 safety	 are	 used,	 this	 analysis	 could	 be	 used	 to	 indicate	 that	 the	effects	of	pre-movement	may	in	fact	be	negligible	in	some	cases.		
	Furthermore,	the	results	of	this	thesis	indicate	that	the	common	industry	practice	of	adding	 a	 value	 of	 mean	 pre-movement	 time	 to	 the	 movement	 would	 likely	overestimate	the	effects	of	pre-movement.	As	an	example,	 for	a	20	storey	building	with	loading	of	80	people	per	floor	and,	the	effect	of	GPM	with	cap	p=10	minutes	is	estimated	to	be	0.75	minutes	based	on	equation	(16)	and	the	previously	calculated	movement	time	t0=32.42	minutes.	However,	 the	mean	pre-movement	time	for	this	distribution	would	be	approximately	1.679	minutes,	so	adding	1.679	minutes	to	the	evacuation	time	would	more	than	double	the	estimated	effect	of	pre-movement.	As	
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pre-movement	 time	 has	 been	 shown	 to	 have	 a	 diminishing	 effect	 for	 increased	loading,	the	error	of	this	practice	increase	for	cases	of	higher	loading.			






	There	are	several	areas	where	additional	research	can	be	performed	regarding	the	effects	 of	 pre-movement	 time	 on	 evacuations.	 In	 particular,	 this	 effort	 reviewed	specifically	 tall	 buildings	 with	 relatively	 high	 occupant	 loads	 evacuating	simultaneously.	 In	 reality,	 a	 building	 of	 20	 or	 30	 storeys	 in	 height	 built	 in	accordance	with	NBC	 requirements	would	 evacuate	 in	phases,	with	 occupants	on	the	 fire	 floor	 (i.e.	 the	 floor	 on	 which	 fire	 was	 detected)	 getting	 priority	 and	evacuating	before	occupants	on	other	floors.	It	 is	uncertain	if	pre-movement	times	would	 yield	 the	 same	 type	 of	 impact	 on	 overall	 evacuation	 time	 for	 phased	evacuations.	This	 algorithm	could	be	 easily	 adapted	 to	 simulate	 evacuations	with	phasing.	 However,	 additional	 research	 and	 consideration	 would	 be	 required	 in	order	to	determine	the	best	method	for	comparing	various	strategies	for	evacuation	phasing.		
	Furthermore,	 a	 similar	 review	 could	 be	 conducted	 with	 pre-movement	 time	distributions	other	than	the	two	types	selected	for	this	review.	As	noted	 in	Section	3.4,	 no	 distribution	 can	 perfectly	 predict	 human	 behavior	 in	 an	 emergency.	Therefore,	examining	a	range	of	alternative	pre-movement	time	distributions	would	be	useful.	In	particular,	normal	distribution	of	pre-movement	times	centered	around	some	 specific	 mean	 might	 yield	 different	 results	 from	 the	 UPM	 and	 GPM	 trials	reviewed	here.		
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Appendix C – UPM Extended Case Studies with High Order Regression – Low Occupant Loads
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Appendix D – UPM Extended Case Studies with High Order Regression – Short Buildings  
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Appendix G – GPM Primary Case Studies with High Order Regression 
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Appendix J – GPM Extended Case Studies with High Order Regression – Tall Buildings
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